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Matrix stiffnessAbstract Biology and cellular mechanics have beneﬁted from recent technological advances in
physics and materials science, allowing researchers to make quantitative nanoscale force measure-
ments to explore aspects of biological systems that were previously inaccessible. Atomic force
microscopy (AFM) can be used to acquire high-resolution topographical images of cell surfaces
in vivo and possesses the ability to detect the local mechanical properties of single cells on the
nanometer scale. Interactions between the tip and sample cause the cantilever to deﬂect, which is
measured using an optical lever system composed of a laser, cantilever, and photodiode. Deﬂections
on the order of tens of picometers can be detected, which correspond to forces of less than 10 pN
when using an appropriate cantilever. Highly sensitive force detection with AFM has been used torsity, 70
ttp://dx.
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Please cite this article in press as: Hsieh, S. e
doi.org/10.1016/j.arabjc.2015.08.011measure differences in the surface brush of normal and cancerous cells and to determine the
mechanical hardness of cellular cytoskeletal structures. The AFM probe has further been employed
to perform surgical operations on cells, which enabled the injection of plasmid DNA into a living
cell to modulate gene expression. The application of AFM for nanoscale force control and unique
cellular surgery provides new methods for investigating cell properties for therapeutic purposes.
 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/
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Research today crosses the lines of traditional scientiﬁc disci-
plines, combining aspects of chemistry, biology, physics, engi-
neering, electronics, and computer science, to address
important and current scientiﬁc questions. In addition, fabri-
cation technology has provided us with methods for creating
chemical and physical patterns on a variety of surfaces, provid-
ing new and better ways of characterizing cell adhesion and
motility. By applying chemical, physical, and biological princi-
ples, one can quantitatively probe the mechanical properties of
cells in order to develop a fundamental understanding of the
relationship between substrate properties and cellular structure
and function.
Cells are one of the most basic units of life, yet much of
their complex behavior is still not well understood. Specialized
cellular functions require orchestration of a wide range of bio-
logical processes such as biochemical signaling, energy trans-
duction, molecular sorting and transport, and mechanical
sensing. Cellular communication with the local environment
by chemical signaling is well documented; however, recent
research has demonstrated that mechanical forces play a vital
role in governing cell processes, such as migration and motil-
ity, proliferation, differentiation, morphogenesis, and apopto-
sis. Cells ‘‘feel” and respond to mechanical forces using an
integrated set of mechanochemical networks that enable them
to deﬁne, stabilize, and modulate their shape (Kasas et al.,
2005; Puig-de-Morales et al., 2004).
Evidence of the cell’s ability to interact physically with the
extracellular matrix (ECM) was ﬁrst reported by Harris et al.t al., Advances in cellular nanoscale for(1980, 1981), who observed the wrinkling of thin, ﬂexible sili-
cone ﬁlms beneath adherent tissue cells. They concluded that
traction forces transmitted through focal adhesions created
the observed substrate displacements. It has been shown that
the mechanical balance between the cell’s ability to exert con-
tractile stresses on the ECM, and the elastic resistance of the
ECM to that deformation (i.e., ECM rigidity), regulates a
broad range of cellular properties, including structure, motil-
ity, proliferation, and differentiation (Bershadsky et al.,
2003; Vogel and Sheetz, 2006; Wang et al., 2005). Owing to
the nanometer scale features (pores, ﬁbers, and ridges) of the
basement membrane in tissues (Abrams et al., 2000) can con-
trol cellular adhesion, attachment, and mobility to determine
the nanoscale mechanical properties involved in these interac-
tions; thus, it is necessary to develop a more complete under-
standing of cellular behavior.
Cell–substratum interactions and migrations are crucial to
many biological phenomena. While surface structure and
chemistry have been shown to affect cell shape, the rigidity
of a surface may have an even more profound effect on cell
behavior. For example, Tzvetkova-Chevolleau et al. found
that the cell’s migration speed increased with the substrate
rigidity (Tzvetkova-Chevolleau et al., 2008). The fate of stem
cells can also be guided by interactions at the cell–substrate
interface (Engler et al., 2006; Guilak et al., 2009; Lutolf
et al., 2009).
Metastasis is the major factor contributing to human
cancer death, which is a complex process involving adhesion
of the cancer cells to the basement membrane, cell prolifer-
ation, and migration to new sites. Namely, malignant cellsce detection and manipulation. Arabian Journal of Chemistry (2015), http://dx.
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relocate to other regions of the body to form a new sec-
ondary tumor. Understanding the factors that control each
step could help us to gain an insight into disrupting this
cycle.
A correlation between cell stiffness, substrate stiffness,
and cell motility, has been documented in several studies
(Discher et al., 2005; Irwin et al., 2008; Pelham and
Wang, 1997; Saha et al., 2008). It has recently been
reported that cancer cell stiffness is different from that of
benign cells of the same type (Cross et al., 2007, 2008).
Atomic force microscopy (AFM) was used to measure cell
stiffness and revealed that metastatic cells were more than
70% softer than benign cells. The authors further showed
that a common modulus for each cell type was exhibited,
even for different tumor types. Thus, the nanomechanical
properties of cells provide a new way to differentiate
between diseased and benign tissues, which may lead to
the development of new and improved diagnostic tools.2. Experimental
2.1. Surface characterization
Atomic force microscope (AFM) (MFP-3DTM, Asylum
Research, Santa Barbara, CA) was used to characterize the
surface topography and to acquire force measurements on a
broad range of biological materials. Because of the soft
characteristics of the cell, it is necessary to choose a cantilever
with an appropriate elasticity coefﬁcient or spring constant to
prevent cell surface damage by the AFM probe (Clifford and
Seah, 2005). Here, a silicon nitride cantilever (Nanoworld,
Switzerland, PNP-TR) that had a spring constant of 0.05
N/m, as determined by the thermal noise calibration method
(Hutter and Bechhoefer, 1993), was deemed appropriate for
cellular surface characterization. Force measurements were
acquired either at selected points or by collecting a force
map array and then evaluated using the AFM data analysis
tools.Figure 1 Approach (red) and withdrawal (blue) curves as shown in
cantilever (right) depict its position at each of the ﬁve points (1–5) sho
Please cite this article in press as: Hsieh, S. et al., Advances in cellular nanoscale for
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For single cell mechanical measurements, a typical AFM
experiment consisted of ﬁrst scanning a region of the sample
topographically and then using that image as a map to perform
force measurements at speciﬁc sites (Dufreˆne et al., 1999;
Gotsmann et al., 1999; Hsieh et al., 2012). By collecting force
curves on the cell surface, mechanical properties, including
hardness, elasticity, and modulus, can be probed, and pulling
measurements may yield data such as those related to adhesion
and receptor site bonding energies. For force measurements,
the AFM probe can be thought as a small ball (tip) attached
to a weak spring (the cantilever). The spring is used to measure
forces between the tip and the surface, with attractive forces
stretching the spring and repulsive ones compressing it. Thus,
in contrast to imaging in which the cantilever (or sample) is
scanned in the XY direction, for force measurements, the can-
tilever moves only in the Z direction. Force measurements are
made by collecting a force distance curve (force curve), which
is a plot of cantilever deﬂection as a function of tip-sample
separation.
Fig. 1 is a schematic representation of a force curve, and
important events in the measurement are numbered 1–5. Point
#1 is the cantilever position above the surface before initiating
the force curve. Once the measurement has begun, the can-
tilever is moved vertically toward the surface (red line) until
it reaches point #2. This is called the jump-to-contact point,
where attractive forces acting on the tip cause it to snap to
the surface. Between point #2 and point #3, the cantilever
deﬂects upward as the system continues moving toward the
surface. This region may be analyzed to yield the stiffness
and the elasticity (Young’ modulus) of a sample. Point #3 is
the trigger point, which is speciﬁed in software, and when this
point is reached, the system stops and starts to retract the can-
tilever from the surface. This setpoint controls the maximum
force applied to the sample during the measurement. Point
#4 is the snap off, which corresponds to the adhesion force.
Point #5 is when the cantilever retracts to its initial starting
position. Moreover, adhesion is determined by the differencea typical AFM force-distance plot (left). The illustrations of the
wn in the graph.
ce detection and manipulation. Arabian Journal of Chemistry (2015), http://dx.
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tact) in the retracting curve and the baseline force measured
when the cantilever is away from the surface (Point #5).
2.3. Statistical analysis of AFM force curves
Force curves were acquired as the AFM probe scanned a sam-
ple surface, and these force data were then collected for subse-
quent analysis. By analyzing these force curves, the elastic
properties of the sample can be extracted using the Hertzian
contact model (Wang and Dennis, 2007). The hardness or
Young’s modulus of the surface can be obtained by analyzing
the AFM force curves using the following relationship:






where E is the Young’s modulus, F is the load, m is the Poisson
ratio of the sample, R is the tip radius (10 nm) and d is the
indentation depth. A Poisson ratio of m= 0.5 is commonly
used for cells, and the tip geometry is assumed to be spherical.
The cantilever spring constant in our example was determined
using the thermal method (Hutter and Bechhoefer, 1993), and
the elastic modulus (E) was calculated using the Hertzian-
based contact theory.










where Ec is the ﬁt parameter for the Hertz model. This param-
eter is directly related to the Young’s modulus (E) and Poisson
ratio (m) of the indenter and the indented material, where E1
and m1 are the indented properties and E2 and m2 are the inden-
ter properties (for a silicon nitride tip, m2 is 0.25 and E2 is
290.0 GPa). Thus, by ﬁtting the force curve data using the
above equation, the Young’s modulus of the sample (E1) can
be determined.
2.4. Cell culture and sample preparation
The cell lines of human hepatocellular carcinoma (SK-Hep-1
and Hep G2) were purchased from the Bioresource Collection
and Research Center, HsinChu, Taiwan, and were cultured in
Dulbecco’s modiﬁed Eagle medium (DMEM) supplemented
with 10% fetal bovine serum (FBS) (Gibco, Invitrogen,
Carlsbad, California) at 37 C in a humidiﬁed atmosphere of
5% CO2. To prepare cell samples for subsequent AFM exper-
iments, cells were seeded on glass cover slides in a 12-well cul-
ture plate and incubated overnight. Cells were washed twice
with 1 PBS (phosphate buffer saline, pH 7.4, Sigma–
Aldrich), and then, ﬁxation was induced with 2.5% glutaralde-
hyde (Sigma–Aldrich). Cells were again washed twice with 1
PBS and then subjected to the AFM-based experiments in liq-
uid (1 PBS, pH 7.4).Figure 2 AFM height image (40  40 lm2) of a cell with
drawings depicting the analysis of adhesion force on the cell
surface and on the substrate.3. Results and discussion
3.1. Ultra-sensitive detection of cellular mechanics
Several methods have been developed to study cell mechanics
in the pico Newton (pN) to nano Newton (nN) force range.
The three most common techniques include optical tweezersPlease cite this article in press as: Hsieh, S. et al., Advances in cellular nanoscale for
doi.org/10.1016/j.arabjc.2015.08.011(Ashkin, 1997; Ashkin et al., 1986), magnetic tweezers
(Alenghat et al., 2000; Lim et al., 2009; Matthews et al.,
2006; Puig-de-Morales et al., 2004), and AFM (Binnig et al.,
1986). Optical tweezers utilize a focused laser beam to ‘‘trap”
micrometer-sized dielectric particles based on photon momen-
tum and refractive index differences between the particles and
a medium. Nanometer displacement of the particles can be
achieved with angstrom level precision by generating forces
in the pN range. For cell studies, a dielectric particle may be
coated with speciﬁc proteins or antibodies that adhere to sites
on a cell surface. The optical tweezers are then used to pull or
push the particle, and thus exert a force by which molecular
interactions between the particle and cell can be measured.
Magnetic tweezers are similar to optical tweezers, but use
small superparamagnetic particles and magnetic ﬁeld gradients
to generate forces in the fN to pN force range. As with optical
tweezers, magnetic tweezers use functionalized particles to
interact with the cell surface. In addition to pulling and push-
ing, magnetic tweezers can also apply a torsional force, which
provides additional opportunities for molecular characteriza-
tion. Due to the simplicity of this technique, it is one of the
most widespread methods for biophysical research.
Both optical and magnetic tweezers are limited to pN (or
less) force detection, thus limiting the types of interactions that
can be probed. Determining how the cytoskeleton and ECM
assemble into 3D biopolymeric networks involves an under-
standing of the connection between molecular and cellular
length scale mechanics. Therefore, methods capable of charac-
terizing the mechanical properties of single macromolecules,
sub-cellular macromolecular assemblies, and whole cells are
needed, and forging connections between these different length
scales (from microns to nanometers) in a quantitative fashion
is required.
3.2. Molecular mechanical measurements by AFM
AFM has emerged as a powerful tool for both imaging and
measuring forces on a wide range of samples and across manyce detection and manipulation. Arabian Journal of Chemistry (2015), http://dx.
Advances in detection and manipulation 5length scales (Binnig et al., 1986). This technique possesses sev-
eral signiﬁcant advantages for researching biological systems.
For example, there is no postﬁxation as in electron micro-
scopy; there is no staining for immunoﬂuorescence observa-
tions; the ability to conduct experiments in physiological
media exists; and a force range from piconewtons to hundreds
of nanonewtons can be studied. In addition, because AFM is a
probe technique, such measurements can be made at speciﬁc
locations on a sample with nanometer scale precision. Thus,
AFM is well suited to studying the structure and mechanical
properties of a broad range of biological specimens under
ambient and physiological conditions.
AFM is a scanning probe technique that uses a sharp tip on
the free end of a ﬂexible cantilever to probe the sample surface.
Both topographical images and force measurements can be
made using AFM (as well as many more types of measure-
ments not relevant to this report). Interactions between the
tip and sample cause the cantilever to deﬂect, which is mea-
sured using an optical lever system composed of a laser, can-
tilever, and photodiode. Deﬂections on the order of tens of
picometers can be detected. Thus, by selecting an appropriate
cantilever (spring constant), one can measure a wide range of
forces on a variety of biological materials and specimens.
In addition, AFM-based force spectroscopy can be used to
characterize the molecular mechanisms underlying substrate
adhesion by careful analysis of tip–substrate interactions.
Additional performance measurement techniques, such as
using a calibrated colloidal probe, may provide much needed
data at different scales because the contact area of the probe
can inﬂuence mechanical measurements (Francius et al.,
2006; Richert et al., 2004).
Fig. 2 shows a 3D topographical image of a SK-Hep-1 cell
on a glass surface, with drawings of two cantilevers depicting
the locations where force measurements were made, and the
data acquired at each point. A qualitative comparison of the
two data proﬁles shows that there is a signiﬁcant difference
in the forces measured (the cell surface is softer with much
higher adhesion). A more detailed description of how we can
extract force information from AFM measurements is pro-
vided in a later section.
3.3. AFM-based cell adhesion interaction
Fig. 3 shows the results of force measurements on Hep G2 cells
on glass, where both adhesion and elasticity were character-
ized. The AFM tip vertically approaches the cell and makes
contact with the cell surface, and then, the free (tip) end of
the cantilever deﬂects as the system moves the base of the can-
tilever closer to the substrate. This region of the force curve is
used to calculate the stiffness of the substrate. As the tip is
retracted, the force curve proﬁle provides information on the
adhesion between the tip and the cell surface. The force curves
in Fig. 3b indicate that multiple adhesion events (all <2 nN)
occurred as the cantilever tip was retracted from the cell sur-
face. This can occur because of multiple binding sites between
the tip and the cell or other features on the cell surface. In con-
trast, the force curve measurements on the glass substrate
showed little or no adhesion force.
Table 1 summarizes the AFM imaging of the cellular mor-
phology and the cell cluster and movement of two different
types of cells. These results are consistent with the resultsPlease cite this article in press as: Hsieh, S. et al., Advances in cellular nanoscale for
doi.org/10.1016/j.arabjc.2015.08.011observed from optical microscopy and conﬁrm that the
AFM scanning process does not destroy the morphology of
cells.
Additionally, we use the Hertzian model to calculate the
Young’s moduli of Hep G2 and SK-Hep-1. As shown in
Fig. 4, a total of 305 points on the Hep G2 cell and 303 points
on the SK-Hep-1 cell from the array of AFM force curves were
collected and analyzed. Our results display two peaks in the his-
togram of the Young’s modulus values for the SK-Hep-1 cell
surface, one at 54.77 ± 62.39 kPa and the other at 99.43
± 23.39 kPa, which resulted in an average value of less than
120 kPa. For Hep G2 cell, a narrow distribution of Young’s
moduli was localized at approximately 10.11 ± 12.26 kPa.
Moreover, a wide range of Young’s modulus values were dis-
tributed between 112.74 kPa and 497.77 kPa for the HepG2 cell
surface and showed an average value of 299.53 kPa. Finally, a
high stiffness and a low adhesion force were also clearly
observed in the Hep G2 cell compared to the SK-Hep-1 cell.
These results are in agreement with previous studies (Bao and
Suresh, 2003; Swaminathan et al., 2011). Based on these data,
we can distinguish between the surface properties of two human
hepatocarcinoma cell lines with dissimilar differentiated stages.
These detailed results are summarized in Table 2.
Indeed, scanning the cells force alteration using AFM can
be applied to conﬁrm the stiffness nanotomography and the
mechanical properties in different differentiated tumors. For
example, (Fuhrmann et al., 2011) utilized AFM to validate
stiffness tomograms in normal (EPC2), metaplastic (CP-A)
and dysplastic (CP-D) human esophageal cells, which revealed
that poorly differentiated cells were softening (the Young’s
moduli were calculated as 2.9 kPa and 2.1 kPa in CP-A and
CP-D, respectively) more than normal cells (9.9 kPa). Further-
more, the mechanical properties of the nuclei and the nucleoli
revealed a signiﬁcantly stiffening in normal cells and an obvi-
ous deformability in metaplastic cells, as well as a softening of
subcellular structures in dysplastic cells.
3.3.1. Chemically functionalized probes for specific detection
Beyond mechanical and basic chemical or adhesion measure-
ments, AFM also affords opportunities for more speciﬁc
chemical probing of samples at nanometer length scales by
chemical functionalization of the tip. CH3-modiﬁed AFM tips
have been used to investigate hydrophobic forces associated
with mycolic acids on the surface of mycobacteria (Alsteens
et al., 2007; Dorobantu et al., 2009). The functionalized
AFM tips revealed that two bacterial species, venetianus
RAG-1 and R. erythropolis 20S-E1-c, exhibited different cell
surface hydrophobicities.
Chemical modiﬁcation of silicon-based probes can be
accomplished using silicon chemistry and a variety of precur-
sors with speciﬁc chemical functional groups. A schematic dia-
gram of this concept is shown in Fig. 5. In this case, alkylsilane
molecules were covalently bonded to the AFM tip, similar to a
self-assembled monolayer on a silicon substrate. As the tip
scans over a surface or is used for force measurements, chem-
ical interactions between the tip and the surface are monitored
and recorded. In addition, one may attach Au nanoparticles to
the AFM tip using aminopropylsilane (APS) as an adhesive
layer (Hsieh et al., 2009) to probe the interactions between cell
surface components and noble metal nanoparticles at speciﬁc
locations.ce detection and manipulation. Arabian Journal of Chemistry (2015), http://dx.
Figure 3 (a) AFM topographical image (55  55 lm2) of cells was cultured on a glass surface. Force distance curves were collected at
each of the points shown in the image and are displayed in the graph (b). The inset of (b) displays a magniﬁed view showing multiple
adhesions.
Table 1 AFM probing of two types of hepatocellular carci-
noma cells.
Cell lines SK-Hep-1 Hep-G2
Diﬀerentiation Poorly Well
Morphology Spindle, Irregular Circular, Polygon
Cluster degree Dispersion Aggregation
Migration Strong migration No migration
Dimension of size Major axis: >50 lm
Minor axis: 20 lm
20 lm
6 S. Hsieh et al.3.3.2. Cellular level manipulation and treatment with AFM
AFM uses piezoelectric transducers with sub-nanometer reso-
lution to position the tip relative to the sample. Such precision
enables unique applications, for example, the use of a very
sharp object as a custom probe that can be used to insert
molecular entities into the cytosol of individual cells.
AFM-based nano-surgical techniques would allow manipu-
lated cells to remain viable and avoid tumorigenic transforma-
tions. Such cells could be used for repeated or sequential
experiments or for therapeutic purposes. Han et al. (2005) used
an ultra-thin needle fabricated from a commercially available
AFM tip to inject plasmid DNA into a living cell to modulateFigure 4 Histogram of all Young’s modulus values show
Please cite this article in press as: Hsieh, S. et al., Advances in cellular nanoscale for
doi.org/10.1016/j.arabjc.2015.08.011gene expression. The genetic material was injected into the cell
in a controlled manner without causing irreversible cell dam-
age. Obataya et al. (2005) demonstrated the use of a needle-
shaped AFM probe to controllably apply a constant force to
a cell membrane. By monitoring the cantilever deﬂection, they
were able to measure a 1–2 lm needle penetration depth into
the cell membrane following indentation. The ability to mea-
sure displacements and sense the force on the needle is similar
to a surgeon’s ﬁnger during surgery. By modifying the surface
of a needle, one can load various molecules such as nucleic
acids, proteins or other chemicals through standard immobi-
lization chemistries.
Cellular level manipulation involving membrane protein
pulling, extraction and identiﬁcation of mRNA and insertion
of plasmid DNA into deﬁned loci on cell membranes has been
reported. In studies by Han et al. (2005) and Harley et al.
(2008), cell viability was evaluated after holes were created
using an AFM tip at speciﬁc locations on a cell membrane sur-
face. Phospholipase A2 coated beads were attached to the
AFM cantilever and then allowed to contact the cell mem-
brane surface for durations of 5–10 min, creating holes 5–
10 lm in diameter. The creation of a hole was conﬁrmed by
ﬂuorescence imaging, before and after the bead contacted the
surface, and by AFM (Afrin et al., 2009). In addition to veri-
fying cell viability, intracellular ﬁlamentous structures were
visualized, and targeted gene delivery was attempted and con-n in the map from SK-Hep-1 cells and HepG2 cells.
ce detection and manipulation. Arabian Journal of Chemistry (2015), http://dx.
Table 2 The mechanical properties of cells obtained by AFM
measurement.
Cell lines SK-Hep-1 Hep G2
Height (lm) 2–3 4–6
Roughness (lm) 2.89 4.12
Young’s modulus (kPa) <120 299.53 ± 117.52
Adhesion force (pN) >300 180.691 ± 73.46
Figure 6 AFM force distance curve showing the point of tip
penetration through the cell membrane.
Advances in detection and manipulation 7ﬁrmed. Moreover, using AFM to probe interaction forces
between a ligand and a receptor (e.g., an AFM probe replaced
by a biological cell or by isolated biomolecules such as DNA,
antibody, and protein) has become a multifunctional
molecular toolbox in screening assays. For example, the
AFM cantilever probes a prostate cancer cell (PC3), which is
coupled with concanavalin A to contact bone marrow
endothelial (BME) cells. The strong adhesive interactions
between PC3 and BME cells can be signiﬁcantly disrupted
by anti-ICAM-1, anti-b1 and anti-P-selectin. Therefore,
AFM can determine and quantify the nanoscale adhesion
events between different cell types (Muller and Dufrene,
2008; Reeves et al., 2013).
Manipulation of single cells for transgenesis, in vitro fertil-
ization, individual cell-based diagnosis, and pharmaceutical
applications has recently become a topic of great interest. Each
of these techniques requires precise injection and manipulation
of cells; thus, issues related to penetration force can arise. In
AFM studies, Kwon et al., 2009 showed that the penetration
force for a variety of cells (L929, HeLa, 4T1, and TA3 HA
II, wherein L929 is the mouse ﬁbrosarcoma cell line, HeLa is
the human cervical cancer cell line, 4T1 is the mouse mammary
carcinoma cell line, and TA3 HA II is the mouse mammary
adenocarcinoma cell line) ranged from 2 to 22 nN. The authors
also found that the point of entry for the tip on the cell surface
and the cantilever stiffness signiﬁcantly affected the
penetration force. An example of a force curve depicting tipFigure 5 Schematic depicting the process of chemica
Please cite this article in press as: Hsieh, S. et al., Advances in cellular nanoscale for
doi.org/10.1016/j.arabjc.2015.08.011penetration through a cell surface (a human SK-Hep-1 hep-
atoma cell) is shown in Fig. 6. Double penetration events were
detected due to the multi-membrane layers of the cell. These
results may aid in the development of precision micro-
medical instruments for cell manipulation and treatment.
4. Conclusion
Nanometer scale cellular mechanics is an important and grow-
ing ﬁeld, as researchers from diverse disciplines utilize new
technology to make measurements that relate cell mechanics
to cellular behavior. AFM is one of the key technologies mov-
ing this type of research forward. Some of the important
advantages of AFM for biological research include the follow-
ing: (1) 3D images that possess a much higher spatial (XYZ)
resolution than optical microscopy can be obtained; (2)
AFM is less destructive than other techniques (e.g., SEM)
commonly used in biology and can be performed on viable
samples; and (3) AFM can be used to quantitatively assess
the nanomechanical properties of molecular structures by mea-
suring adhesion, elasticity, and modulus.
The mechanical properties of cells are directly related to
their shape and structure. Chicurel et al. (1998) showed thatlly attaching functional molecules to an AFM tip.
ce detection and manipulation. Arabian Journal of Chemistry (2015), http://dx.
8 S. Hsieh et al.stretching of the cell changed the orientation and/or type of
surface functional molecules, while Pyo et al. (2006) showed
that stretching increased the number of sites on the cell that
can interact with a silicon tip via hydrogen bonding and van
der Waals forces. Thus, there is an intimate relationship
between shape, structure, mechanics, polarity, and adhesion.
Furthermore, researchers are now able to distinguish between
healthy and diseased cells by an examination and a compar-
ison of these properties.
Finally, single cell surgery offers new possibilities for both
cell diagnostics and treatment. The precise positioning capabil-
ity of AFM and the versatility of the probe itself have allowed
researchers to introduceDNA into a single cell without damage.
The ability to perform these types of experiments on single cells
will serve as a model pathology system for therapeutic study.
Acknowledgments
The authors would like to thank the National Science Council
(NSC 101-2113-M-110-013-MY3) of Taiwan, NSYSU-KMU
Joint Research Project (NSYSUKMU 2013-P008), the Kaoh-
siung Veterans General Hospital (VGHNSU101-07), and the
National Sun Yat-sen University Center for Nanoscience
and Nanotechnology for ﬁnancial support of this work.
References
Abrams, G.A., Goodman, S.L., Nealey, P.F., Franco, M., Murphy, C.
J., 2000. Nanoscale topography of the basement membrane
underlying the corneal epithelium of the rhesus macaque. Cell
Tissue Res. 299, 39–46.
Afrin, R., Zohora, U.S., Uehara, H., Watanabe-Nakayama, T., Ikai,
A., 2009. Atomic force microscopy for cellular level manipulation:
imaging intracellular structures and DNA delivery through a
membrane hole. J. Mol. Recognit. 22, 363–372.
Alenghat, F.J., Fabry, B., Tsai, K.Y., Goldmann, W.H., Ingber, D.E.,
2000. Analysis of cell mechanics in single vinculin-deﬁcient cells
using a magnetic tweezer. Biochem. Biophys. Res. Commun. 277,
93–99.
Alsteens, D., Dague, E., Rouxhet, P.G., Baulard, A.R., Dufreˆne, Y.F.,
2007. Direct measurement of hydrophobic forces on cell surfaces
using AFM. Langmuir 23, 11977–11979.
Ashkin, A., 1997. Optical trapping and manipulation of neutral
particles using lasers. Proc. Natl. Acad. Sci. USA 94, 4853–4860.
Ashkin, A., Dziedzic, J.M., Bjorkholm, J.E., Chu, S., 1986. Observa-
tion of a single-beam gradient force optical trap for dielectric
particles. Opt. Lett. 11, 288–290.
Bao, G., Suresh, S., 2003. Cell and molecular mechanics of biological
materials. Nat. Mater. 2, 715–725.
Bershadsky, A.D., Balaban, N.Q., Geiger, B., 2003. Adhesion-depen-
dent cell mechanosensitivity. Annu. Rev. Cell Dev. Biol. 19, 677–
695.
Binnig, G., Quate, C.F., Gerber, C., 1986. Atomic Force Microscope.
Phys. Rev. Lett. 56, 930–933.
Chicurel, M.E., Chen, C.S., Ingber, D.E., 1998. Cellular control lies in
the balance of forces. Curr. Opin. Cell Biol. 10, 232–239.
Clifford, C.A., Seah, M.P., 2005. The determination of atomic force
microscope cantilever spring constants via dimensional methods for
nanomechanical analysis. Nanotechnology 16, 1666.
Cross, S.E., Jin, Y.-S., Rao, J., Gimzewski, J.K., 2007. Nanomechan-
ical analysis of cells from cancer patients. Nat. Nano 2, 780–783.
Cross, S.E., Jin, Y.S., Tondre, J., Wong, R., Rao, J., Gimzewski, J.K.,
2008. AFM-based analysis of human metastatic cancer cells.
Nanotechnology 19, 384003.Please cite this article in press as: Hsieh, S. et al., Advances in cellular nanoscale for
doi.org/10.1016/j.arabjc.2015.08.011Discher, D.E., Janmey, P., Wang, Y.L., 2005. Tissue cells feel and
respond to the stiffness of their substrate. Science 310, 1139–1143.
Dorobantu, L.S., Bhattacharjee, S., Foght, J.M., Gray, M.R., 2009.
Analysis of force interactions between AFM tips and hydrophobic
bacteria using DLVO theory. Langmuir 25, 6968–6976.
Dufreˆne, Y.F., Boonaert, C.J.P., Gerin, P.A., Asther, M., Rouxhet, P.
G., 1999. Direct probing of the surface ultrastructure and molec-
ular interactions of dormant and germinating spores of phane-
rochaete chrysosporium. J. Bacteriol. 181, 5350–5354.
Engler, A.J., Sen, S., Sweeney, H.L., Discher, D.E., 2006. Matrix
elasticity directs stem cell lineage speciﬁcation. Cell 126, 677–689.
Francius, G., Hemmerle, J., Ohayon, J., Schaaf, P., Voegel, J.C.,
Picart, C., Senger, B., 2006. Effect of crosslinking on the elasticity
of polyelectrolyte multilayer ﬁlms measured by colloidal probe
AFM. Microsc. Res. Tech. 69, 84–92.
Fuhrmann, A., Staunton, J.R., Nandakumar, V., Banyai, N., Davies,
P.C.W., Ros, R., 2011. AFM stiffness nanotomography of normal,
metaplastic and dysplastic human esophageal cells. Phys. Biol. 8,
015007.
Gotsmann, B., Seidel, C., Anczykowski, B., Fuchs, H., 1999. Conser-
vative and dissipative tip-sample interaction forces probed with
dynamic AFM. Phys. Rev. B 60, 11051–11061.
Guilak, F., Cohen, D.M., Estes, B.T., Gimble, J.M., Liedtke, W.,
Chen, C.S., 2009. Control of stem cell fate by physical interactions
with the extracellular matrix. Cell Stem Cell 5, 17–26.
Han, S., Nakamura, C., Obataya, I., Nakamura, N., Miyake, J., 2005.
Gene expression using an ultrathin needle enabling accurate
displacement and low invasiveness. Biochem. Biophys. Res. Com-
mun. 332, 633–639.
Harley, B.A., Kim, H.D., Zaman, M.H., Yannas, I.V., Lauffenburger,
D.A., Gibson, L.J., 2008. Microarchitecture of three-dimensional
scaffolds inﬂuences cell migration behavior via junction interac-
tions. Biophys. J. 95, 4013–4024.
Harris, A.K., Wild, P., Stopak, D., 1980. Silicone rubber substrata: a
new wrinkle in the study of cell locomotion. Science 208, 177–179.
Harris, A.K., Stopak, D., Wild, P., 1981. Fibroblast traction as a
mechanism for collagen morphogenesis. Nature 290, 249–251.
Hsieh, S., Chao, W.J., Hsieh, C.W., 2009. Improved performance of
aminopropylsilatrane over aminopropyltriethoxysilane as an adhe-
sive ﬁlm for anchoring gold nanoparticles on silicon surfaces. J.
Nanosci. Nanotechnol. 9, 2894–2901.
Hsieh, S. et al, 2012. Probing the adhesion of hepatocellular carcinoma
HepG2 and SK-Hep-1 Cells. J. Chin. Chem. Soc. 59, 929–933.
Hutter, J.L., Bechhoefer, J., 1993. Calibration of atomic-force micro-
scope tips. Rev. Sci. Instrum. 64, 1868–1873.
Irwin, E.F., Saha, K., Rosenbluth, M., Gamble, L.J., Castner, D.G.,
Healy, K.E., 2008. Modulus-dependent macrophage adhesion and
behavior. J. Biomater. Sci. Polym. Ed. 19, 1363–1382.
Kasas, S. et al, 2005. Superﬁcial and deep changes of cellular
mechanical properties following cytoskeleton disassembly. Cell
Motil. Cytoskel. 62, 124–132.
Kwon, E.-Y., Kim, Y.-T., Kim, D.-E., 2009. Investigation of
penetration force of living cell using an atomic force microscope.
J. Mech. Sci. Technol. 23, 1932–1938.
Lim, Y.T., Cho, M.Y., Lee, J.M., Chung, S.J., Chung, B.H., 2009.
Simultaneous intracellular delivery of targeting antibodies and
functional nanoparticles with engineered protein G system. Bio-
materials 30, 1197–1204.
Lutolf, M.P., Gilbert, P.M., Blau, H.M., 2009. Designing materials to
direct stem-cell fate. Nature 462, 433–441.
Matthews, B.D., Overby, D.R., Mannix, R., Ingber, D.E., 2006.
Cellular adaptation to mechanical stress: role of integrins, Rho,
cytoskeletal tension and mechanosensitive ion channels. J. Cell Sci.
119, 508–518.
Muller, D.J., Dufrene, Y.F., 2008. Atomic force microscopy as a
multifunctional molecular toolbox in nanobiotechnology. Nat.
Nano 3, 261–269.ce detection and manipulation. Arabian Journal of Chemistry (2015), http://dx.
Advances in detection and manipulation 9Obataya, I., Nakamura, C., Han, S., Nakamura, N., Miyake, J., 2005.
Nanoscale operation of a living cell using an atomic force
microscope with a nanoneedle. Nano Lett. 5, 27–30.
Pelham, R.J., Wang, Y-l, 1997. Cell locomotion and focal adhesions
are regulated by substrate ﬂexibility. Proc. Natl. Acad. Sci. 94,
13661–13665.
Puig-de-Morales, M., Millet, E., Fabry, B., Navajas, D., Wang, N.,
Butler, J.P., Fredberg, J.J., 2004. Cytoskeletal mechanics in
adherent human airway smooth muscle cells: probe speciﬁcity
and scaling of protein-protein dynamics. Am. J. Physiol. Cell
Physiol. 287, C643–C654.
Pyo, N., Tanaka, S., McNamee, C.E., Kanda, Y., Fukumori, Y.,
Ichikawa, H., Higashitani, K., 2006. Effect of the cell type and cell
density on the binding of living cells to a silica particle: an atomic
force microscope study. Colloids Surf. B Biointerf. 53, 278–287.
Reeves, K.J., Hou, J., Higham, S.E., Sun, Z., Trzeciakowski, J.P.,
Meininger, G.A., Brown, N.J., 2013. Selective measurement and
manipulation of adhesion forces between cancer cells and bone
marrow endothelial cells using atomic force microscopy. Nanome-
dicine (Lond) 8, 921–934.
Richert, L., Engler, A.J., Discher, D.E., Picart, C., 2004. Elasticity of
native and cross-linked polyelectrolyte multilayer ﬁlms. Biomacro-
molecules 5, 1908–1916.Please cite this article in press as: Hsieh, S. et al., Advances in cellular nanoscale for
doi.org/10.1016/j.arabjc.2015.08.011Saha, K., Keung, A.J., Irwin, E.F., Li, Y., Little, L., Schaffer, D.V.,
Healy, K.E., 2008. Substrate modulus directs neural stem cell
behavior. Biophys. J. 95, 4426–4438.
Swaminathan, V., Mythreye, K., O’Brien, E.T., Berchuck, A., Blobe,
G.C., Superﬁne, R., 2011. Mechanical stiffness grades metastatic
potential in patient tumor cells and in cancer cell lines. Cancer Res.
71, 5075–5080.
Tzvetkova-Chevolleau, T., Stephanou, A., Fuard, D., Ohayon, J.,
Schiavone, P., Tracqui, P., 2008. The motility of normal and cancer
cells in response to the combined inﬂuence of the substrate rigidity
and anisotropic microstructure. Biomaterials 29, 1541–1551.
Vogel, V., Sheetz, M., 2006. Local force and geometry sensing regulate
cell functions. Nat. Rev. Mol. Cell Biol. 7, 265–275.
Wang, Y.-LaD, Dennis, E., 2007. Cell Mechanics. Academic Press,
London, UK.
Wang, Y., Botvinick, E.L., Zhao, Y., Berns, M.W., Usami, S., Tsien,
R.Y., Chien, S., 2005. Visualizing the mechanical activation of Src.
Nature 434, 1040–1045.ce detection and manipulation. Arabian Journal of Chemistry (2015), http://dx.
